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Adsorbate Azimuthal Orientation from Reflectance Anisotropy Spectroscopy
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We have determined the azimuthal orientation of an adsorbate on a metal surface from an
intramolecular-transition-derived feature in reflectance anisotropy spectroscopy (RAS). Adsorption
of 9-anthracene carboxylic acid onm(2 X 1)O/Cu(110) led to an ordered structure with a strong
(2%), derivativelike feature at 4.5 eV. Fresnel theory predicts the measured intensity, functional
behavior, and sense of the RAS signal for the molecule aligned along [110]. IR measurements
confirm that the molecular plane is perpendicular to the surface and STM measurements support the
azimuthal orientation. We reassign the sense of the clean Cu(110) surface RA spectrum. [S0031-
9007(98)06135-3]

PACS numbers: 68.45.—v, 33.20.Kf, 73.20.At, 78.40.—q

Reflectance anisotropy spectroscopy (RAS), also knoware valid in the continuum limit, apply at microscopic
as reflectance difference spectroscopy (RDS) using lindimensions and describe the substrate response adequately.
early polarized, visible light to detect azimuthal depen- 9-Anthracene carboxylic acid (Aldrich; 99) is a low
dence in surface structure, has evolved from fundamentafolatility, yellow, organic solid, and was introduced to the
semiconductor surface studies to the control of semicontHV system via a line-of-sight dosing system similar to
ductor processingn situ under higher pressures and with that described previously [9]. The sublimation tempera-
real-time feedback [1]. Early applications of the techniqueture of the solid, 335-345 K, was monitored with &n
to metal surfaces showed strong anisotropy of fcc (110¥itu chromel-alumel thermocouple. The Cu(110) crystal
surfaces associated with transitions between surface statess mechanically and electrochemically polished and then
as well as interband transitions in the near surface regiooleaned by cycles of Ar ion (500 eV) bombardment and
[2,3]. Recently, there have been several attempts to folannealing (700 K) until a sharpl X 1) LEED pattern
low the effects of molecular adsorption on metal surfacesvas obtained. The RA spectrometer [10], which utilized
[4—-7]. Although the molecule-surface bond clearly modi-normal incident, linearly polarized light at 430 the
fies the inherent anisotropy of the substrate metal elediigh symmetry direction and analyzed the reflected light
tronic states, the information is not directly interpretablewith a photoelastic modulator (Hinds), Rochan polarizer,
and may contain little information regarding the orienta-monochromator and lock-in detection, was coupled to a
tion of nonbonding moities in multifunctional species. To UHV system, through a strain-free window. Experimental
date, none of the adsorbates studied [4—6,8] have shown antifacts were removed from the raw data using a correction
intramolecular electronic transition within the 1.5—-5.5 eVfunction determined by measuring RA spectra with the
energy range available. To demonstrate the potential dfL10] direction aligned in two orthogonal orientations at
RAS, we chose a larger conjugated molecular species, sth° to the polarization direction. The RAA¢/r) is
as to shift the intramolecular electronic transitions into thedefined as
visible region. We report here the first observation of ,
reflectance anisotropy originating from an intramolecular — (= Re(w) — ilm(w)) = 2
transition, following the adsorption of 9-anthracene car- 4
boxylic acid (9-AA) onto thep (2 X 1)O/Cu(110) surface, wherer, is the complex Fresnel amplitude for reflection of
with a structure approximately described a8 X 1)g.  light polarized in ther direction. The real RA spectrum of
No previous studies of this adsorption system exist. the Cu(110) surface before and after saturation with oxy-

In principle, the azimuthal orientation of an adsorbategen at room temperature to form th¢2 X 1)O structure
can be determined from the RA spectrum if a well-defineds shown in Fig. 1. The sharp feature at 2.1 eV, has been
transition dipole, relative to the molecular coordinatesassigned previously [5,6] to a transition Btbetween a
exists within the available energy range and the metal dodilled surface state approximately 0.15 eV below the Fermi
not screen the E field of the light parallel to the metallevel and an unoccupied surface state about 1.85 eV above
surface. In favorable cases, such as the one chosen hetiee Fermi level. That this is indeed a surface state transi-
the application of RAS to molecular adsorbates requiresion is clear from its decay with adsorption, as shown in the
understanding (i) théntensity; (i) whether an adsorbate inset. The anisotropy at 2.1 eV decreases during dosing,
transition causes aimcreaseor decreasein reflectivity,  but recovers slightly near saturation coverage as seen pre-
since the sense corresponds to a rotation of the adsorbat®usly for a number of adsorbates on Cu(110) [5,6]. The
by 90°, and (iii) whether or not Fresnel equations, whichspectrum of the(2 X 1)O/Cu(110) surface, Fig. 1(b), is
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the substrate optical response leading to behavior in the 4
eV region remarkably reminiscent of the measured spec-
trum, despite the simplicity of the model, and demonstrates
[11] the ability of the substrate to influence RA spectra.
Second, the sense of the anisotropy is also in agreement
with calculations of Ag(110) and Au(110) RA derived
from bulk d to s-p interband transitions [2,3], if the fea-
ture at 2 eV is associated with absorption at thband
edge. Although the transition at providesone mecha-
nism for the surface differential anisotropy, it is still not
clear if this is thedominantmechanism [13]. The 9-AA
results presented here, however, are consistent with this re-

5 3 n 5 vised definition of the clean surface anisotropy.

Photon Energy (eV) A set of RA spectra acquired while dosing the saturated

FIG. 1. Real RA spectra, Re), of curve @) the clean p(2 X 1)0/Cu(110) surface at 300 K with 9-AA is

Cu(110) surface and curveb)( after saturation exposure to SNOWN in Fig. 2(A). Initially (curvesb,c), a feature
oxygen resulting in thep(2 X 1)O reconstruction. Curve grew near 4.5 eV, but with increasing coverage (curves
(0): Model calculation of the clean Cu(110) RA spectrum e—g), became a strong, negative going feature. Upon

in which a single Lorentzian oscillator was placed éf°')  annealing, the anisotropy continued to grow, as shown in

at 2.1 eV with FWHM= 0.5 eV, €l = 1, and measured ; i indi
optical constants [17] were used for the copper substrate iFIg' 2(B). After annealing to the indicated temperatures,

a three layer Fresnel calculation [11,12]. The inset showélne sample W_as.coc_)led_ but showgd ho change n the
measured temporal behavior at 2.1 eV during oxygen exposurBA spectrum, In_dlcatlng irreversible Improvements in the
azimuthal ordering of the surface. Heating beyond 430 K

resulted in thermal decomposition of the adsorbate and
loss of the strong features in the RA spectrum.
in good agreement with previous work [6]. However, for A single reflection IR spectrum, shown in Fig. 2(C),
the sense of the anisotropy defined in Eq. (1), we plot theifter dosing of 9-AA ontop(2 X 1)O/Cu(110) and
clean Cu(110) RA spectrum with the 2.1 eV feature inannealing to 350 K showed only vibrational modesAgf
theupwarddirection, opposite that suggested by Hofmannsymmetry under the,, point group. These bands derive
et al. [6], in view of two considerations. First, although from the B,, modes of anthracendf,) and the totally
there is general agreement that the dipole transition is asymmetric modes of the carboxylate group, demonstrat-
lowed only for light polarized along [001], the response ofing that an upright carboxylate species occurs at all
the substrate determines whether the reflectivityeases coverages, as found for benzoate [14] and 3-thiophene
ordecreasesAs discussed in greater detail elsewhere for aarboxylate [7] on thep(2 X 1)O/Cu(110) surface. In
range of materials [11], Re) and Im(w) for a three-phase principle, given the upright orientation determined from
thin film system [12] contain contributions from both the |R and the substrate optical response, the azimuthal orien-
real and imaginary parts of the complex surface dielectrigation of the molecules can be determined. However, due
anisotropyAé, = Egm] — EEOOI]: to the nature of the difference measurement in RAS, an
dwd estimate of the intensity when all molecules are perfectly
Rew) = —— {A(w)A€!(w) + B(w)A€.(w)}, (2) aligned is required to determine the (average) azimuthal
¢ orientation.
rewd A simple estimate of thenagnitudewhich may be ex-
Im(w) = — {A(w)A€! (0) — B(w)A€e'(w)}, (38) pectedin RAS can be obtained from the following consid-
¢ erations. Figure 3 shows a UV-visible spectrum of 9-AA
whered is the film thickness¢ the speed of light, and in methanol, which is essentially the same as that for an-
A(w) andB(w) are real functions determined solely by the thracene [15]. The most intense ba@d4 nm = 4.8 eV)

Aryq-ro01)/r110+To01) (x10°)

substrate dielectic functiorg, = €, — ie]": is the'B,,-'A1, 7 to #* transition [16], which is active
1 [1— € (w)] - ie"(w) when the light is polarized along, the long axis of
Alw) — iB(w) = [~ ew) = |1S— z (w)lzs . the aromatic system. The sequence of bands of lesser

@) intensity between 3.2 and 4 eV derive from tg,-'A,,
transition by vibronic coupling and are polarized alang
Below thed-band edge, copper behaves like a free-electrofror the upright species, only thepolarized transition at
metal (A| > B,A > 0 [11]), in which an absorption in a 4.8 eV can be excited at normal incidence. The maximum
surface layer leads to@creasan reflectivity and there- strength of the intramolecular-transition-derived RAS
fore a positive-going feature for an absorption polarizedeature at 4.5 eV can be estimated from the absorptivity
along [001], as shown in Fig. 1(c). Furthermore, the presef the parent molecule, where the absorbantces €Cl,
ence of an anisotropic surface layer amplifies features iwhereC is the concentratiort, is the path length, and the
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FIG. 3. Comparison of the UV-visible absorption spectrum of
9-AA in methanol with calculations of Re) (solid curve) and
Im(w) (dashed) for a layer of anthracene on an isotropic copper
substrate [17] withe;, || [110] and ey || [001].

2(r110 - 100 D/(r110 + 1001) X 103

light is absorbed by the oriented molecules in only one
polarization, them\r/r = 0.109 [Eq. (1)].

A more realistic estimate of the effect of the substrate
on the RA response can be obtained from Fresnel equa-
tions using measured optical constants for copper [17]. Al-
though copper behaves like a free electron metal below
the d-band edge, its optical response above the efige (
|Al;A > 0 [11]) causes R@v) to resemble—Ae!, [see
C Eq. (2)], while Imw) resembles—Ae!/ [Eq. (3)]. Fig-

f\)LW‘\WWWWW W N ure 3 shows a calculation of Re) and Im(w), using the
measured dielectric functions of single crystal anthracene
M@V\L [16] with A&, = &€, (w) — éy(w). Here, &, (w) pertains
to the long axis of the moleculg, andéy(w) is perpen-
N dicular to the molecule. The derivative shape in&e
- nicely reproduces the experimental spectra [Fig. 2(B)], im-
plying that the long axis is preferentially aligned along
[110]. We note that the intensity of the peak in (),
0.108, corresponds surprisingly well to our estimate above
from the UV-visible absorptivity. However, the calculated
8 intensity in the real part at 4.3 e\40.08, is about four
T T times the maximum intensity observed, suggesting either
3000 2500 2000 1500 1000 azimuthal rotation of the anthracene ring away from the
Frequency (cm™") high symmetry direction or disordered, isotropic regions.

. . The LEED pattern, shown in Fig. 4(A) contairg8

FIG. 2. Real RA spectra, Re), while dosing 9-AA on o
p(2 X 1)(?/)Cu(110) to p?oduce ge )carboxylate sgecies shownorder spots a(n/8, (1 — §)), but only 4X periodicity
in the inset. Dosing times:af 0 min, (b)) 4 min, ) 8 min,  Within the [110] mirror plane, suggesting a glide line
(d) 12 min, € 16 min, (f) 27 min, @) 51 min; B) Spectra  structure. To confirm the orientation suggested by the
?lgqgi?fgdKafqt;%rllggnlsagrrl% tg];)( 423?05 IF (Eg:)gfrﬁr;ég)re%ﬁait%n periodicity and the Fresnel theory, we have imaged the

o : ' structure with STM. The structure contains rows of
absorption spectrum of the(§ x 1) structure at 350 K. features, separated by one lattice constant along [001]

and with 4X periodicity along [110] [Figs. 4(B), 4(C)].

absorptivity, €(254 nm) = 104800 dm®*mol~'cm™! =  The size of the anthracene molecule would indicate that,
1.74 X 10716 cm?/molecule. For the ideap(8 X 1)g  to achieve a4Xx periodicity, the ring must rotate away
structure  with 2.7 X 10'* moleculgcn? [0 = 0.25  from the [110] plane. However, the image in Fig. 4(B)
monolayer (ML), see below], we expect the orientedsuggests that adjacent rows appear to rotate in opposite
molecules to have a maximum absorbance of 0.047, adirections, suggesting@8 X 1)g structure with the glide
I/I, = 0.897. If the substrate is an ideal mirror and the line along [110] as shown in the model of Fig. 4(D),
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to absorb in the visible, on metal substrates for applica-
tions in which obtaining a high degree of orientation, such
as in molecular electronics and organic film growth for
nonlinear optical purposes, is critical.

FIG. 4. (A) LEED pattern and STM images: BY 60 A X

60 A, —0.35V,047 nA and C) 350 A x 510 A of 9-AA/
O/Cu(110) adsorbed at 350 K. CY Model of an ideal
p(8 X 1)g structure (unit cell shown) with the anthracene rings
rotated by15° from [110] to avoid steric repulsion.
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